Predictive modeling is an available tool to assess worker exposures to a variety of chemicals in different industries and product-use scenarios. The European Chemical Agency (ECHA)'s guidelines for manufacturers to fulfill the European Union's legal requirements pursuant to the Registration, Evaluation, Authorization, and Restriction of Chemicals (REACH) initiative include recommendations for the use of modeling to predict worker exposures. ECHA recommends different models for different target populations (i.e. workers, consumers, environment) and routes of exposure (i.e. skin absorption, ingestion, inhalation), and presents them hierarchically, with Tier 1 models presented as the most simplistic, conservative models and Tier 2 models recommended for further intensive evaluation of substances or preparations. In order to assess these models for one exposure (product-use) scenario, a simulation of the scenario was completed in a controlled environment and the measured results were compared with the modeling outputs. The authors predicted, based on the design of the modeling tools, that all models would overestimate worker exposures under the simulated product-use scenario, with the lower-tiered model producing the most conservative estimate of exposure. In this study, a Tier 1 model and a Tier 2 model were evaluated for comparison with the nearfield, far-field (NF-FF) deterministic model and measured experimental results in a real-time worker inhalation exposure assessment. Modeling was conducted prior to actual air monitoring. The exposure scenario that was evaluated involved the application of a toluene-containing spray paint to a work surface. Air samples were collected to evaluate short-term (15-min) and long-term (240-min) exposures. Eight-hour time-weighted averages (8-h TWAs) were calculated and compared with the modeling outputs from the recommended REACH modeling tools and the NF-FF model. A comparison of each of the modeling tools with measured experimental results was generated. The Tier 1 Targeted Risk Assessment tool overestimated the 8-h TWA airborne concentration of toluene in the spray scenario by a factor of 3.61. The higher tiered Advanced REACH Tool and NF-FF models showed greater concordance with experimental results, overestimating the TWA exposure by a factor of 2.92 and 1.96, respectively. In conclusion, the Tier 1 and 2 exposure modeling tools performed as expected for the simulated exposure scenario, providing relatively accurate, though conservative, estimates according to the level of detail and precision accounted for in each model.
INTROdUCTION
Modeling is now being utilized to fulfill legal requirements under the recent European Union's Registration, Evaluation, Authorization, and Restriction of Chemicals (REACH) initiative (ECHA, 2010; Ogden, 2010) . To comply with REACH regulations, which mandate the completion of a Chemical Safety Assessment (CSA), chemical manufacturers and importers are required to perform quantitative exposure assessments for all predicted exposure scenarios under actual or anticipated conditions of use, in the absence of pre-existing data. One of the key challenges involved in chemical registration under REACH is fulfilling this data requirement portion of the CSA for inclusion in the product's Chemical Safety Report (CSR). However, exposure modeling can cost-effectively expedite the exposure prediction process and, therefore, the completion of the CSA because it allows for multiple exposure scenarios to be analyzed more quickly than actual air sampling and analysis.
The European Chemicals Agency (ECHA) rates actual measurement data (air monitoring and laboratory analysis) as the highest quality data for consideration in a CSR, provided robust sample sizes are collected and appropriate reasonable worst-case scenario exposures are evaluated. ECHA considers predicted exposures, such as those that would be derived from the models evaluated herein, as medium-to low-quality data (ECHA, 2010) .
ECHA has suggested a tiered approach for modeling potential occupational exposures (ECHA, 2010) . Tier 1 evaluations are simple, conservative models, which require a smaller range of input data. If a Tier 1 evaluation fails to demonstrate an adequate level of protection, then a Tier 2 evaluation may be required. ECHA notes that Tier 2 assessments can be performed using 'any suitable method that is valid and sufficiently accurate ' (ECHA, 2010) . Tier 2 assessments are designed to assess well-defined exposure scenarios with a greater level of input data to limit uncertainty and variability.
In this study, we aim to evaluate the accuracy of three models for predicting occupational exposures to toluene during a spray painting scenario. We evaluated two ECHA-recommended models: the REACH Targeted Risk Assessment (TRA) version 2, which is a Tier 1 model, and the Advanced REACH Tool (ART) version 1.0, which is a Tier 2 model. The near-field, far-field (NF-FF) deterministic model, which was not an ECHA-recommended model, but which may fall within their Tier 2 requirements, was also evaluated. Previous publications found the NF-FF model to be a reliable predictor of occupational exposures from solvent mixtures, and the authors sought to evaluate the model's use in predicting occupational exposures from the use of an aerosolized mixture (Keil and Nicas, 2003; Spencer and Plisko, 2007; Nicas and Neuhaus, 2008; Jayjock et al., 2011) . A comparison of available modeling techniques and experimental (actual air monitoring) results will allow us to evaluate the strengths of these tools and help determine their utility to manufacturers and importers for chemical risk management decisions.
The TRA model
The TRA version 2 was developed by the European Center for Ecotoxicology and Toxicology of Chemicals (ECETOC) in 2009 and is recommended for evaluating worker, consumer, and environmental exposures at the Tier 1 level (ECHA, 2010) . TRA provides exposure predictions based upon the Estimation and Assessment of Substance Exposure (EASE) model, with modifications made by industry experts (ECETOC, 2009; ECHA, 2010) . It incorporates the various process categories (PROCs) (e.g. non-industrial spray painting) defined under REACH (ECETOC, 2009) .
TRA defines many input parameters using ranges (i.e. substance is in a preparation at 5-25% w/w) and applies modifying factors (MFs) to EASE results accordingly (ECETOC, 2009) . Therefore, outputs are limited in their precision but allow for a conservative, preliminary estimate of exposure for a variety of preparations or use scenarios. Unlike models such as ART and the NF-FF deterministic model, which use the physical-chemical properties of a substance to predict exposures, TRA is based in part upon exposure data collected by the UK Health and Safety Executive in development of the EASE model (Cherrie et al., 2003) . In regards to TRA's validation, ECHA (2010) notes that comparisons between predicted exposures using the model and actual measured data sets have not been identified.
The ART model
The ART version 1.0 was developed by a number of European government agencies and research institutions. This model offers a more comprehensive analysis and is being designed as a Tier 2 assessment model. ART utilizes a mechanistic model with functionality to incorporate available exposure data using a Bayesian approach (Tielemans et al., 2011) . The mechanistic model was described by Fransman et al. (2011) . It incorporates various MFs into the two-zone NF-FF model (Cherrie, 1999; Cherrie et al., 2011) . See The NF-FF model section for further discussion of the NF-FF model. Currently, ART is only able to evaluate inhalation exposures from dusts, vapors, and mists. Other exposure forms, such as gases, fibers, and fumes, are currently outside of applicability domain of the ART model.
Compared with the Tier 1 TRA model, ART accounts for more specific input parameters, such as ventilation rate, room size, orientation of spray operations, and secondary sources of exposure. The model also allows for the calculation of total exposure from multiple activities within an 8-h work day and accounts for periods of non-exposure . An evaluation by Schinkel et al. (2011) found the ART mechanistic model predicted mean exposures within a factor of 2-6 times measured exposure data for dusts, mists, and vapors.
The NF-FF model
The NF-FF deterministic model utilized was described previously by Spencer and Plisko (2007) . It is an adaptation of Hemeon's convection ventilation models and is based on two zones: the NF encompasses the immediate work station and breathing zone of the individual and the FF is defined by the size of the room or the area where the work is performed (Burton, 1999) . It can best be described visually as a 'box within a box'. This model is comprised of two sets of mass balance equations that describe the build-up of a compound of interest, where the source is located in the NF and subsequently disperses into the FF, and a subsequent decay period. Equations (1) and (2) describe the relation between NF and FF concentrations:
Where V NF and V FF represent the volume (m 3 ) in the NF and FF, respectively; C NF and C FF represent the NF and FF concentrations (mg/m 3 ); G is the generation rate (mg/min); β is the air flow rate between the NF and FF (m 3 /min); and Q is the room supply air rate (m 3 /min) (Keil et al., 2009) . Equations (1) and (2) are both dependent on the concentrations in both zones and the flow rate between them. The specific assumptions of the model include that the air in both the NF and the FF are each well-mixed, a constant contaminant generation rate during the build-up period, constant air flow between the NF and FF, a constant ventilation rate of the FF, and the absence of contaminant sinks (i.e. the only way for a contaminant to leave the system is via room ventilation).
Previous publications found the NF-FF model to be a reliable predictor of occupational exposures to benzene from solvent mixtures (Keil and Nicas, 2003; Spencer and Plisko, 2007; Nicas and Neuhaus, 2008; Jayjock et al., 2011) . Overall, evaluations of the NF-FF model have found predicted values to be within 0.49-2.14 times measured concentrations (Jayjock et al., 2011) . Previous evaluations of the NF-FF model have only assessed its usefulness in predicting exposures from solvent mixture.
Simulated exposure scenario
An exposure scenario was established such that exposures could be evaluated using the TRA, ART, and NF-FF models and then assessed by actual air monitoring. The task selected involved the use of an aerosolized spray paint containing 16% (w/w) toluene. Aerosols have been noted to be more complex to model due to the fact that factors such as spray equipment, pressure of application, spray direction, and particle size must be accounted for in the modeling of emissions (ECHA, 2010; Schinkel et al., 2011) . The authors selected an aerosol spray paint because of the widespread use of spray paint across industries, and toluene is a common hazardous constituent of spray paints.
The spray painting task was performed in a small workroom measuring 77.7 m 3 in volume, located indoors. The ventilation rate of the room was approximately 3 air changes/h (ACH), which the authors considered a reasonable, worst-case scenario for a product with manufacturer recommendations for use in a ventilated area. The temperature and humidity of the workroom were also within manufacturer recommendations for use of the product.
The scenario involved a worker spending 4 min applying spray paint to approximately 2.9 m 2 of surface area on a shelf, evacuating all or most of the contents of the spray can containing 340 g of product, of which approximately 54.4 g was toluene.
A preliminary test was performed to estimate the amount of time it would take to empty one 340-g can. After paint application, the worker remained in the NF for 11 min (simulating a reasonable worstcase clean-up or observation time) and then moved to the FF (simulating the performance of other tasks in the workshop) for the remainder of the exposure period (225 min), for a 240-min total exposure period. The same sequence of tasks (i.e. spraying for 4 min, remaining in NF for 11 min, and moving to FF for remaining 225 min) would then be repeated in the afternoon, representing the application of a second coat of paint and the completion of an 8-h work day. We established that the worker conducted the single spray task during each period and there were no additional sources of toluene exposure from the FF.
METHOdS

Modeling
The spray paint exposure scenario was modeled using the TRA, ART, and NF-FF models prior to the collection of any actual air monitoring data. Modeling was performed applying the environment and task-related variables consistent with the projected actual experimental scenario. The selection of input variables into the models was based on conservative estimates and the authors' professional judgment when necessary. ECETOC TRA. The ECETOC TRA worker exposure model was obtained from http://www.ecetoc.org/ tra as a Microsoft® Excel spreadsheet. Chemical properties were entered for toluene and appropriate model input variables were entered into the form. The process category PROC 11: 'non-industrial spraying' was selected as the most representative of the job task in question. In most instances, TRA provides ranges from which the input variables must be selected. Therefore, it was modeled that the substance was used for <15 min with no local exhaust ventilation present; the substance was in a preparation at 5-25% w/w; and at a 'professional', as opposed to 'industrial'-use scenario. Regarding this selection, ECHA recommends the assumption of a professional-use scenario when it is unclear if the scenario in question would best fit industrial or professional use, as the professional setting provides a higher exposure estimate (ECETOC, 2009; ECHA, 2010) . A summary of the input variables and associated exposure calculation for the TRA model is provided in Table 1 . ART. The ART exposure model was accessed via the Internet at http://www.advancedreachtool.com. Chemical properties for toluene were entered into the model. The scenario was modeled in ART assuming that exposure to toluene occurred during an initial 4-min spray period followed by exposure from residual toluene evaporating from the sprayed surface.
For the spray period, the process of 'spray application of liquids' was selected, involving the spraying of surfaces in a horizontal or downward direction only with compressed air at a rate of 0.03-0.3 l/ min, based upon the assumption that 340 g (0.45 l) of product was emitted over the 4-min spray period. It was assumed that the worker would remain in the vicinity of the sprayed surface for an additional 11-min period when additional toluene exposure may occur from surface evaporation, representing a total of 15 min in the NF. This portion of the exposure period was calculated using the 'handling of contaminated objects' activity class, involving a surface of 1-3 m 2 with contamination on >90% of the surface area.
Inputs were entered assuming that the spray and evaporation periods took place indoors without local exhaust ventilation; the room size was 100 m 3 ; and the ventilation rate of the room was 3 ACH. An 8-h TWA was calculated assuming that two 4-min spray periods and two 11-min evaporation periods took place per shift, with an additional 450 min of non-exposure. A summary of the input variables and associated exposure calculation for the ART model is provided in Table 2 . 
NF-FF.
For the purposes of this analysis, we combined the build-up and decay equations in a piecewise fashion. The build-up model was used for the first 4 min during spraying, and the decay model was used to calculate the remaining 236 min, for a total of 240 min, representing one-half of the exposure period. It was assumed that the worker remained in the NF for the first 15 min of the exposure period and then moved to the FF for the remaining 225 min. The concentrations were computed in 30-s intervals and then averaged to produce a 240-min TWA based upon concentrations in the NF for the first 15 min and concentrations in the FF for the remaining 225 min. Assuming that the morning and afternoon exposure periods are identical, the value is equal to the 8-h TWA and is based upon a total of 8 min of spray painting.
The input variables, associated assumptions, and calculations are summarized in Table 3 . The NF was defined as a cube with sides measuring 2 m, with volume of 8 m 3 and available surface area of 20 m 2 . The total volume of the FF was 69.7 m 3 , calculated based upon the volume of the study chamber (77.7 m 3 ) minus the volume of the NF.
The NF-FF model required the estimation of product use (mg/min) and ambient airflow (m 3 / min). We estimated the total amount of test product emitted to be 340 g, based on the total mass of the product per spray can reported on the packaging label. It was determined by consulting the material safety data sheet and verbal confirmation from the product manufacturer that the product contained 16% w/w toluene or 54.4 g of toluene/spray can. This number reflects the maximum amount of toluene that could have been released. Because the generation rate of the product is dependent on the amount of product used over a given period of time, the estimated worst-case generation rate for the 4-min spray period was determined to be 13 600 mg toluene/min.
The room air supply rate (Q) was calculated as 3.9 m 3 /min, based upon the room volume of 77.7 m 3 and an air exchange rate of 3 ACH.
The random air speed in the work environment was estimated to be 9 m/min, based upon the findings of Baldwin and Maynard (1998) . Therefore, (β) was calculated to be approximately 90 m 3 /min, which is one-half the available surface area of the NF (1/2  20 m 2 ) times the estimated random air speed.
Actual air monitoring
Air samples were collected in an enclosed chamber constructed from wood framing and 6-mil polyethylene sheeting. A HEPA-AIRE H1000V exhaust unit was utilized to manage volumetric air exchange of the chamber, and a double-flapped entrance built in accordance with NESHAP guidelines provided supply air. Prior to the study, the ventilation rate of the chamber was set at 3 ACH, as determined by the American Standard for Testing and Materials Tracer Gas Method E741-00.
Before each sampling period, a section of floor sheeting measuring approximately 3 m 2 , centered in the NF, was replaced to avoid contamination of the chamber via off-gassing from the dried overspray. Background samples were taken from the center of the chamber for a period of 2 h at 0.2 l/min. The preparation used to generate toluene exposure was a commercially available spray paint marketed for indoor and outdoor applications. All product used was of the same lot number, and the lot was verified by the product manufacturer to contain 16% (w/w) toluene.
All samples were collected and analyzed according to the National Institute of Safety and Health Method 1501 for toluene and analyzed by an American Industrial Hygiene Associationaccredited laboratory. Pumps used were SKC AirChek samplers (Model #244-52) and were Table 3 . NF-FF model inputs and exposure estimate. calibrated before each sampling period using a Bios International DryCal DC-Lite flow meter. Samples were collected using SKC sorbent charcoal tubes. Samplers were placed at a height of 1.52 m (5 ft) on independent stands. FF samplers were placed 3.05 m (10 ft) from the center of the work area, and NF samples were placed within 0.6 m (2 ft) from the center of the chamber. Personal samplers were placed within the spray painter's breathing zone. Two long-term and two short-term samples were collected in both the NF and FF. One personal longterm sample was also collected in the spray painter's breathing zone for the 15 min of the sampling period and moved to the FF for an additional 225 min. See Fig. 1 for a schematic of the study chamber and area sampling points.
The work activity performed was defined as the spray painting of a four-tiered bookshelf, measuring 0.889  0.279  1.22 m (2'11"  11" 4'). The paint can was shaken for approximately 30 s prior to painting, and paint was dispensed for four continuous minutes on the surfaces of the shelf by using a continuous flow trigger attachment. After application, the spray painter remained in the NF for 11 min; this was done to represent a worst-case scenario in which a worker might remain in the NF for clean-up or observation. At the end of this period, the 15-min short-term sampling period ceased and tubes were capped and removed from the chamber. Long-term samples were left in both the NF and FF of the chamber for an additional 225 min, for a total of 240 min of sampling. Total volatile organic compound (VOC) concentrations were measured in the NF throughout the sampling period using a RAE Systems Model ppbRAE Plus photoionization detector. Random air speed was monitored regularly throughout the 15-min short-term sampling period using a TSI VelociCheck Model 8330 anemometer held in multiple planes throughout the NF. Ambient air quality was monitored using a TSI Q-trak for temperature, relative humidity, and carbon dioxide concentrations. The exposure scenario conditions were replicated on six occasions, for a total sample size of 12 longterm (240-min) personal samples, in order to fulfill REACH requirements for robust sample size.
Predicted versus actual measured concentrations
The input parameters and predicted toluene exposures for the theoretical spray scenario according to the TRA, ART, and NF-FF models are summarized in Tables 1-3. The TRA model predicted an airborne concentration of 30 ppm toluene as an 8-h time-weighted average (8-h TWA). The ART model predicted an 8-h TWA airborne concentration of 24.2 ppm, and the NF-FF model predicted an 8-h TWA airborne concentration of 16.3 ppm resulting from two 4-min spray periods over the course of an 8-h work day. Additionally, the NF-FF modeled a 15-min short-term exposure, which consisted of a 4-min spray task and remaining in the NF for the rest of the 15 min: the result was 125.3 ppm.
The results of actual air monitoring are summarized in Table 4 . An average concentration of 8.3 ppm (8-h TWA) was found in long-term samples taken during 15 min in the NF and 225 min in the FF. Personal short-term samples (15 min) averaged 117.7 ppm. Analysis of the short-and long-term experimental results taken in the NF and FF using a one-tailed t-test suggested that there was a significant (P < 0.05) difference in NF and FF concentrations during the first 15-min interval, but subsequent mixing rendered the NF and FF concentrations similar, as evident from the concordance in long-term concentrations (P > 0.05). This phenomenon was predicted by the NF-FF model. Time-dependent airborne concentrations predicted by the NF-FF model, as shown in Fig. 2 , illustrate NF and FF concentrations becoming approximately the same within 1 min of spraying cessation.
The average temperature of the study chamber during the experimental phase of the study was 25°C. Relative humidity averaged 41.3%. Air speed measurements taken across multiple planes in the NF ranged from 0 to 20.1 m/min, averaging 0.9 m/ min. The amount of product used in the 4-min spray period averaged 301 g. This value is an order of magnitude lower than the air speed initially predicted and used in the NF-FF model. Photoionization detector monitoring of real-time VOC concentrations in the NF showed that VOC concentrations returned to baseline by the end of the 240-min sampling period. Table 5 summarizes the results of predictive versus experimental airborne concentrations for toluene by all models evaluated. TRA overestimated the airborne concentration of toluene in the spray scenario by a factor of 3.61. As expected, the higher tiered ART and NF-FF models showed greater concordance with experimental results, overestimating the 8-h TWA exposure by a factor of 2.92 and 1.96, respectively. Interestingly, the NF-FF model predicted airborne exposures during the peak exposure period more precisely. The NF-FF model predicted a 15-min TWA concentration of 125.3 ppm in the NF during the beginning of the exposure period, which differed from the mean personal, short-term experimental value by a factor of only 1.06.
dISCUSSION
When assessing the reliability and validity of exposure modeling tools, it is important to determine if the model accurately represented the exposure conditions in question and if the model could account for additional MFs or variables that would lead to a closer agreement between the predicted and actual airborne concentrations.
Overall, the models evaluated in this study provided the expected results based on their respective tiers. TRA provided the most conservative estimate of inhalation exposure, as was expected for a Tier 1 model (ECHA, 2010) . TRA defines many input parameters using ranges, which for the current scenario under evaluation, likely lead to the overestimation of exposure. The limitations in the precision of input variables suggest that any manufacturer or importer preparing a CSR may find a greater margin of safety from using a higher tier modeling tool, which permits the use of more precise input parameters for the conditions of the product's use. However, TRA is a simplistic, user-friendly model that provides adequate baseline exposure estimates for a variety of exposure scenarios. There was greater agreement between the results of the ART and NF-FF models and experimental values. However, the MFs applied to ART and NF-FF could be refined further to produce a more accurate prediction. ART and NF-FF models both utilize a two-zone model; however, the difference in outputs is based on different assumptions and MFs associated with each model. Although ART permits the user to model personal exposures from sources in the FF, it was not possible to model airborne concentration in the FF after the spray period took place (during the theoretical decay period). Therefore, the evaporation phase was incorporated into the ART model to predict any additional exposure to toluene, which may occur in the NF after spraying ceased. However, this likely created an overestimation of exposure due to the fact that the model then accounted for the generation of the same mass of toluene into the worker's breathing zone twice: during spraying and during evaporation. Consequently, ART produced a conservative exposure estimate that provided an adequate level of protection compared with experimental conditions. The NF-FF deterministic model proved to be a suitable Tier 2 tool for assessing inhalation exposures under the requirements of REACH. Although the NF-FF model is best if performed by experienced exposure assessors, it allows for specificity in input parameters and modifications to allow for a more precise exposure estimate. It is possible to incorporate additional MFs into the model to provide a more precise estimate. Unfortunately, this advantage may not be useful unless specific details of the workplace task scenario are known. The goal of this study was to provide a conservative estimate of airborne concentrations using the basic NF-FF build-up and decay model prior to performing the experimental exposure assessment in the chamber, as a manufacturer or importer might do when developing exposure scenarios and related estimates for downstream users under REACH. Therefore, it was not possible to introduce more precise estimates of the study conditions into the NF-FF model until after the experimental portion of the study was completed. Discrepancies noted between modeled and experimental conditions included the air speed through the NF and the average amount of product used during the spray period. Adjusting input variables in the NF-FF model to accurately reflect the actual measured experimental conditions would increase the predicted airborne exposure concentration and produce a greater margin between actual versus predicted exposures, due to the lower actual air speed through the NF. Introduction of Monte Carlo analysis could also provide the model use with useful information regarding the model sensitivity to different input parameters.
CONCLUSION
In conclusion, the Tier 1 and 2 exposure modeling tools performed as expected according to the simulated exposure scenario, providing relatively precise, though conservative, estimates in proportion to the level of detail accounted for in each model. These models will certainly prove to be valuable tools in fulfilling the data requirements of REACH, and it is anticipated that further refinement of the models over time will improve their value. Manufacturers and importers looking to fulfill the CSA data requirement under REACH will find conservative exposure estimates in TRA, ART, and the NF-FF models. However, according to ECHA's recommendation and the finding of this study, actual air monitoring data of high quality can further refine exposure estimates and is the preferred method for estimating potential chemical exposures. Given the conservative nature of these models, manufacturers and importers may still need to rely on actual air monitoring data in conjunction with modeling in their assessments to demonstrate a sufficient margin of safety for their substance or preparation in order to fulfill the requirements of the CSR.
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